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ABSTRACT 
A new calibration procedure was used and four new temperature probes have been placed on a 
falling-body viscometer to improve its accuracy. The new configuration and calibration 
procedure allow measuring viscosities with an uncertainty of 3.5% at pressures up to 150 MPa. 
This device was employed to measure viscosities as a function of temperature and pressure for 
two ionic liquids (ILs): 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate 
and 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate. Besides, we have measured the 
flow curves at pressures up to 75 MPa and shear rates up to 1000 s-1 in a Couette rheometer. 
Dynamic viscosities were correlated as function of temperature and pressure with four different 
equations with average absolute deviation lower than 1%. The pressure-viscosity and 
temperature-viscosity derived properties were analyzed and compared with those of other ionic 
liquids. Furthermore, experimental data were used to check the application of the thermodynamic 
scaling approach as well as the hard-sphere scheme. Both models represent the viscosity values 
with average relative deviations lower than 2%.  
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1. Introduction 
A tribosystem is defined not only by their interacting surfaces, but also by its gap and the 
environment [1]. Lubricants are placed between interacting surfaces filling the gap to minimize 
the friction and wear. The lubricating performance of a fluid depends on the polarity of their 
molecules, their ability to form ordered adsorbed layers, their chemical and thermal stability as 
well as the thermochemical reactions which take place at the interface [2]. The lubricant forms a 
film whose thickness depends on how far apart the mechanical surfaces are, if they are in 
contact, how they move, as well as the viscosity of the fluid and its behaviour with pressure. 
Depending on these properties the fluid will be under a different regime of lubrication, which is 
commonly illustrated by the Stribeck diagram where the regimes are classified according to the 
film thickness and the friction coefficient. The Elastohydrodynamic Lubrication (EHL) regime is 
known as a type of fluid-film lubrication in which the mechanism of hydrodynamic film 
formation is enhanced by surface elastic deformation and lubricant viscosity increase due to high 
pressure [3]. Besides, under this regime, the surfaces are under high loads but not in direct 
contact, and for this reason the friction is lower than in other lubrication regimes. The film 
thickness is given, among other characteristics, by lubricant viscosity and its pressure-viscosity 
coefficient, therefore, to check the suitability of a fluid in this lubrication regime, both properties 
should be reliably determined. 
To improve wear and friction performance new neat lubricants and oil additives are being 
considered. Ionic liquids (ILs) have been proposed as good candidates due to their unique 
properties [4,5]. They can be employed for applications involving extreme operating conditions 
on account of their high temperature stability and low vapor pressure [6]. Due to its high thermal 
conductivity, ILs dissipate heat more effectively during sliding [6,7], and can also reduce some 
non-desirable effects like abrasion [8,9]. However, one of the most important characteristic of 
ILs is their ability to be tuned, which arises from the large number of possible anion−cation 
pairs. Therefore it should be possible to obtain ILs with different physicochemical properties 
according to their molecular structure.  
Concerning viscosity of ILs, it varies from low-viscosity fluids, similar to common 
organic solvents, to glasslike extremely viscous fluids [10-12]. This property depends strongly on 
the molecular structure and is highly dependent on the interactions between the ions: 
  
electrostatic, van der Waals interactions and hydrogen bonding [12-14]. Several authors have 
analyzed the effect of the structure on the viscosity and its temperature and pressure dependence 
[12,14-20]. However, due to the high variety of ions it is not possible to have the viscosity values 
for a broad number of ILs with a common ion in order to obtain a general trend for viscosity 
[12]. Some conclusions concerning the length and number of alkyl chains are that the longer the 
alkyl chain, the higher the viscosity, as was reported for imidazolium, pyridinium, 
alkylammonium and pyrrolidinium based ILs [21-23], and also that the higher the number of 
alkyl chains, the higher the viscosity [16,24,25]. Nevertheless, there are some exceptions to the 
first rule: some ILs with ethyl chains are less viscous with the corresponding ILs with methyl 
chains [12]. 
It is worth pointing out that viscosity values of ILs reported in literature show 
discrepancies higher than the uncertainty claimed by authors [26]. Although the water content 
and other impurities present in samples affect significantly viscosity values and other physical 
properties [27], the experimental techniques are sometimes not adequate to measure the 
viscosity, and many authors have recommended the use of primary viscosimetric techniques 
[26,28] to get more reliable data. However due to the wide viscosity ranges and high electrical 
conductivities of ILs, it is not always possible to use primary devices, especially in broad 
temperature, pressure and viscosity ranges, and secondary ones have to be considered. Therefore 
the calibration of the devices has to be carried out carefully and as accurately as possible in order 
to minimize the contributions of the uncertainty in the viscosity measurements. Despite of the 
large amount of studies of viscosity of ILs at atmospheric pressure, the viscosity database of ILs 
at high pressure is still scarce [10,15,29-32].  
In this work we have studied two ILs for which there are not available viscosity data at 
high pressures. These liquids are 1-butyl-1-methylpyrrolidinium 
tris(pentafluoroethyl)trifluorophosphate, [C4C1Pyrr][(C2F5)3PF3], and 1-butyl-1-
methylpyrrolidinium trifluoromethanesulfonate, [C4C1Pyrr][CF3SO3]. The latter has shown 
significant friction reduction whereas [C4C1Pyrr][(C2F5)3PF3] presents good anti-wear 
performance [33] for boundary lubrication. Besides, some [CF3SO3]- based ILs have excellent 
values of thermal stability. In fact, 1% mass loss is obtained at isothermal conditions after 10 
hours under air atmosphere at 483 K for [C4C1Pyrr][(C2F5)3PF3] and at 521 K for 
  
[C4C1Pyrr][CF3SO3] [2] whereas for polyalkylene glycol (PAG) or polyolester base lubricants 
the thermal stability is strongly lower [34]. 
The viscosities reported in this work were measured in a falling body viscometer at 
temperatures from 303.15 K to 353.15 K at pressures up to 150 MPa. This device was modified 
in order to achieve more accurate values. We also provide empirical correlations of the 
experimental viscosity values as a function of temperature and pressure, to perform an analysis 
on dependence on both properties and they suitability as lubricants under EHL. Moreover, the 
hard-sphere scheme and the thermodynamic scaling model, two theoretical methods that allow 
predicting viscosity as a function of temperature and density, are applied for the two ILs.  
2. Experimental 
2.1. Materials 
Three Cannon certified viscosity oils, N75, N100 and S600, were used as calibration 
fluids whereas squalane (CAS 111-01-3) (Sigma–Aldrich) was used as verification fluid. The 
squalane sample presents a specified mole-fraction purity of 99% experimentally determined by 
gas chromatographic analysis. [C4C1Pyrr][CF3SO3] and [C4C1Pyrr][(C2F5)3PF3] samples were 
kindly provided by Merck KGaA and present mole-fraction purities higher than 98% and 99%, 
respectively, both determined by electrophoresis. Full and short names, CAS number, molecular 
structures and purities are gathered in table 1.  
Due to the fact that the water content has a strong effect on the viscosity of the ILs [27], 
before measurements, samples were treated under vacuum evaporation at room temperature with 
agitation by using a rotary pump Edwards RV3 to remove the water and volatile compounds 
during several days, the vacuum level (< 10 Pa) was measured using a vacuometer Edwards 
Pirani 501. The water content of each IL was measured by coulometric Karl Fischer titration 
with a Mettler Toledo DL32 titrator. The water content expressed as weight fraction was (5 and 
12)10-6 for [C4C1Pyrr][(C2F5)3PF3] and [C4C1Pyrr][CF3SO3], respectively. Samples were 
transferred to the viscometer with a glass syringe and introduced through a Hamilton valve, HV 
Standard PTFE.  
 
  
2.2. Measurement techniques 
Viscosities at high pressure were measured using a falling body viscometer, VisLPT1, 
which can operate at pressures up to 150 MPa. This device has been further described in 
previous articles [15,16,35]. Four new Pt100 temperature probes were installed around the inner 
tube instead of the thermocouple originally located. The expanded uncertainty of these 
thermometers was ± 0.1 K. The liquid is compressed by means of a manual pressure generator 
HiP (model 50-5.75-30) and the pressure is measured by a transducer (HBM P3MB) and a 
numeric indicator (HBM Scout 55) with an expanded uncertainty of ± 0.2 MPa. The 
hemispherical sinker employed in this work is the same as that used in the previous works 
[15,16,35]. It is made of magnetic steel and it has a diameter of 6.10 mm and a length of 20 mm.  
The measuring principle of a falling body viscometer is based on the relationship between 
the fluid viscosity (η) and the time (∆t) that a solid takes to fall inside the inner tube through the 
fluid (once it has reached its terminal velocity under conditions of laminar flow) [36]. Laminar 
flow implies that the Reynolds number, Re, has to be low. To estimate Re, there are several 
criteria proposed by different authors [37-39]. Taking into account the Isdale et al. criterion [38], 
Re can be estimated from the following equation: 
η
ρ v
rR
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·2 2
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=
         (1) 
where R and r are the radius of the inner tube and the radius of the sinker, respectively, whereas 
ρ and η are the density and the viscosity of the fluid and v is the velocity of the sinker (in this 
case, the distance between two consecutives coils divided by the time that the sinker spends in 
crossing it). The condition of laminar flow is observed when the Reynolds number is lower than 
1000. For all the fluids studied in this work (N75, N100, S600, squalane and the two ILs) this 
number is much lower, as can be observed in figure 1. 
The working equation employed in this work is: 
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where t is the falling time, ρ and ρs are the density for the fluid and for the sinker, respectively, at 
the temperature T and pressure p.  The A is a calibration constant, and αvt  and βvt, are the 
coefficients of expansion and compressibility of the viscometer tube (INCONEL 718) at 
reference conditions Tref = 298.15 K and pref =0.1 MPa. This equation presents the advantage that 
the parameter A is not dependent on either pressure or temperature; therefore the calibration 
procedure can be performed at atmospheric pressure with certificated standard oils. This type of 
equation has been successful used for similar viscometers to measure low and high viscous 
fluids, such as ionic liquids [19,20,40-43].  
Density of the sinker for each p and T condition is calculated with the following equation: 
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where ),( refrefs Tpρ = 7.695 g·cm-3, whereas αs and βs are the coefficients of expansion and 
compressibility of the sinker (X4CrNiMo16-5-1) at reference conditions Tref = 298.15 K and pref 
= 0.1 MPa. Values of the expansion coefficients are αs =10.8x10-6 K-1 and αvt =12.8x10-6 K-1, 
respectively, whereas for compressibility we have βs =5x10-6 MPa-1 and βvt =4.8x10-6 MPa-1. 
Calibration constant A for equation (2) is estimated from viscosity reference fluids. We have 
performed the calibration procedure at atmospheric pressure from 29K3.15  to 353.15 K with the 
three Cannon certified viscosity oils. These fluids cover the viscosity range from 14.5 mPa·s for 
Cannon N75 up to 1482 mPa·s for Cannon S600. The value of the calibration constant A is 
(1.206 ± 0.003) Pa-1. Taking into account uncertainties of temperature, pressure, falling times, 
calibration constant and densities of both sinker and fluid, the uncertainty of the device is 
estimated to be ±3.5% with a coverage factor k=2.   
To check the calibration procedure, a reference fluid with well-known viscosity as a 
function of pressure and temperature is needed. Unfortunately, there is a scarcity of literature 
data for reference fluids of moderate viscosity at high pressure. Diisodecyl phthalate, squalane, 
di(2-ethylhexyl) sebacate, 2-ethylhexylbenzoate and bis(2-ethylhexyl)phthalate are some of the 
fluids that have been proposed as candidates for viscosity reference fluids [44]. Among them, 
squalane has being recommended as a secondary reference material for viscometry at moderate 
  
to high pressure and for moderate viscous fluids [35]. Mylona et al. [45] have proposed two 
different correlations of the viscosity one as a function of density and temperature and the other 
as a function of pressure and temperature. The former is based on the Assael-Dymond model 
[46] and covers the temperature range from 320 K to 473 K at pressures to 200 MPa with an 
average absolute deviation of 1.41%, a bias of -0.09%, and an expanded uncertainty (at the 95% 
confidence level) of 3%. The second correlation, based on a modified Vogel-Fulcher-Tammann 
equation, is valid from 278 K to 473 K at pressures to 200 MPa, and has an average absolute 
deviation of 1.69%, a bias of -0.04%, and an expanded uncertainty (at the 95% confidence level) 
of 4.75%. Moreover, density values of squalane are needed in equation (2) to determine the 
experimental viscosity and to apply the correlation based in the Assael-Dymond model. Mylona 
et al. [45] also provides a correlation for density valid from 273 K to 473 K and up to 200 MPa. 
We have measured the falling times for squalane from 303.15 K to 353.15 K at pressures up to 
150 MPa and compared our viscosity values (table S1 of the supplementary information) with 
those provided by the two proposed correlations. Comparisons with values calculated with the 
Mylona et al. [45] correlation based on Assael-Dymond model present an average absolute 
deviation (AAD) of 0.9% and a maximum deviation (MaxD) of 2.1%, whereas comparisons with 
the correlation based on the modified Vogel-Fulcher-Tammann yield an AAD of 1.8% and a 
MaxD of 2.1%. Figure 2 shows the deviations obtained using both Mylona et al. [45] 
correlations.  
Viscosity measurements of both ILs studied in this work, [C4C1Pyrr][(C2F5)3PF3] and 
[C4C1Pyrr][CF3SO3], were carried out at six different isotherms (303.15, 313.15, 323.15, 333.15, 
343.15 and 353.15) K and at pressures up to 150 MPa. Density values for these ILs were 
obtained through the Tammann–Tait correlation obtained from values of experimental densities 
measured with a vibrating tube densimeter from T = (278.15 to 398.15) K and up to 120 MPa 
[47,48]. For pressures higher than 120 MPa up to 150 MPa, an extrapolation of the density was 
performed. As has been previously demonstrated, this fact does not affect significantly the values 
of the viscosity at high pressure [15,16]. 
In 2007 Kulkarni et al. [49] have found seven ILs with Non-Newtonian behaviour, 
subsequently other authors as Wang et al. [50,51] have found other non-Newtonian ILs that 
exhibit non-Newtonian behaviour. All these rheological experiments were performed at 
  
atmospheric pressure. In order to check the Newtonian behaviour of the two ILs studied in this 
work at some pressures and temperatures, we have used a rheometer that had been recently 
implemented in our laboratory. This device is based on a Reologica StressTech HTHP which 
consists of a DIN53019 concentric cylinder measurement and relies on Couette flow. The sample 
under study is confined between a stationary cup and a rotating bob with a 1 mm gap. The inner 
cylinder has a diameter of 25 mm and is suspended by magnetic coupling and rotates on low 
friction air bearing. The rheometer can operate at shear rate between (20-1000) s-1, for torque 
from (1x10-4 to 4x10-2) N·m and at shear stress up to 350 Pa. Currently, this device operates from 
298.15 K to 353.15 K and at pressures up to 75 MPa. The temperature is controlled by means of 
an electrical resistance heating and a thermostatic bath, whereas the pressure is set by means of a 
HiP manual syringe pump. We have estimated that viscosity measurements of this device present 
an uncertainty of 10 %. Reliability of this device has been checked by using a PAO40 and 
Polybutene H8 oils [52]. Further details of the device can be found in the following 
reference[53]. 
3. Results and discussion 
The viscosities at high pressures for [C4C1Pyrr][(C2F5)3PF3] and [C4C1Pyrr][CF3SO3] are 
presented in table 2 and range from (24.7 to 3485) mPa·s and (22.5 to 738) mPa·s, respectively. 
These values are plotted in figure 3, where it can observed that at the same conditions of pressure 
and temperature, the IL with [CF3SO3]- anion is less viscous than the one with the [(C2F5)3PF3]-. 
At atmospheric pressure, this trend had been previously reported [13]. Furthermore, the effect of 
pressure on viscosity of both liquids is very different. The IL with the [(C2F5)3PF3]- anion is 
much more sensitive to pressure changes than the one with [CF3SO3]-. Thus, at 303.15 K an 
increment on the pressure from 10 MPa to 150 MPa leads to a viscosity increment of 1700% for 
[C4C1Pyrr][(C2F5)3PF3] whereas 400% of increase is found for [C4C1Pyrr][CF3SO3]. These 
differences become smaller as temperature increases. 
The rheological tests were carried out for the two ILs from 303.15 K to 353.15 K and at 
pressures up to 75 MPa. Results show Newtonian behaviour over the whole measurement range. 
In figure 4 is shown, as an example, the flow curves for both ILs at T = 303.15 K. Their flow 
curves present linear dependence of the stress (σ) with the shear rate (γ ).Viscosity data obtained 
with this rheometer for both ILs are reported in table S2 of the supplementary information. 
  
Besides, viscosity values higher than 100 mPa·s obtained with both the rheometer and falling 
body viscometer show an absolute average deviation of 5.4% and 4.4% for 
[C4C1Pyrr][(C2F5)3PF3] and [C4C1Pyrr][CF3SO3], respectively. The maximum deviation (11% 
for [C4C1Pyrr][(C2F5)3PF3] at 313.15 K and 75 MPa) is within the combined uncertainty of both 
devices. 
In addition to the viscosities at high pressure obtained with the falling body viscometer (table 2) 
for ILs, in a previous work we published their viscosities at atmospheric pressure [13]. These 
measurements had been carried out with a rotational viscometer Anton Paar Stabinger SVM3000 
from T = (283.15 to 373.15) K with an uncertainty of ±1%. Viscosity values obtained with both 
devices are fitted together to four different equations as a function of pressure and temperature. 
These fitting equations are as follows:
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where A, B and C are obtained fitting viscosity values at the reference pressure (0.1 MPa) as a 
function of temperature, and E(T) is a second-degree polynomial ( ) 2210 TETEETE ++= . 
Equation (4), proposed by Comuñas et al. [54], is a modified Vogel-Fulcher-Tammann equation 
as well as the following two equations, which were proposed by Harris et al. [31].  
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The last expression is a modified Litovitz equation given by: 
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The values of the parameters of equations (4)–(7) are gathered in table 3. These equations lead to 
good correlations of the experimental values in all cases with AADs lower than 2%. To study the 
pressure and temperature effect on viscosity, the pressure-viscosity and temperature-viscosity 
coefficients are analyzed. These two parameters are important to characterize lubricants and can 
be calculated by differentiation as follows: 
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Using equation (4) both coefficients can be expressed as: 
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where ( ) TEETE 21 2+=′  is the derivative of E(T). 
As can be seen in table 4 and figure 5, α(p) values are higher for [C4C1Pyrr][(C2F5)3PF3] 
and are almost pressure independent (Barus behaviour). Usually the pressure-viscosity depends 
more strongly with the pressure but we have also found α(p) values for [C4C1C1Im][(C2F5)3PF3] 
are pressure independent. We have previously found that other two ILs based on [(C2F5)3PF3]- 
anion present higher α(p) values than other four ILs and their values are similar to those of 
squalane and propylene glycol dimethyl ethers [16]. Comparing the α(p) for other [C4C1Pyrr]+ 
based ILs [15,16], the following trend is obtained: [(C2F5)3PF3]- > [NTf2]- > [CF3SO3]-, at least at 
pressures up to 90 MPa. Thus, it seems that a higher number of fluorine atoms leads to a higher 
  
α(p) value. A comparison of the pressure-viscosity coefficients of [C4C1Pyrr][(C2F5)3PF3] and 
[C1OC2C1Pyrr][(C2F5)3PF3] ILs shows that α(p) decreases when we replace a methylene group 
of the alkyl chain for an oxygen atom as we had previously reported for [NTf2]- ILs [15]. On the 
other hand, as can be seen in figure 6 the temperature effect on the viscosity is higher for the 
[(C2F5)3PF3]- based IL than for the [CF3SO3]- IL, especially at high pressure. This fact is in 
agreement with the results that we have reported previously concerning viscosity index (VI) 
[13,14]. Thus, [(C2F5)3PF3]- based ILs presents worse (higher) VI values than other ILs based on 
[CF3SO3]- or [NTf2]- anions. Therefore [(C2F5)3PF3]- based ILs should not be the most suitable in 
lubrication applications where temperature changes happen. 
According the American Gear Manufacturers Association under the elastohydrodynamic 
regime of lubrication, when geometry, elastic properties, speed and load are fixed, the central 
film thickness is a function of the pressure-viscosity coefficient (α) and the absolute viscosity 
(η0) by means of the expression [55]: 
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According to Bair et al. [56] the universal pressure-viscosity coefficient can be estimated with 
the following expression: 
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and α∗ is the reciprocal asymptotic isoviscous pressure. 
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High values of film thickness are desired when boundary wear has to be avoided, whereas low 
values are also needed to save friction energy, reduce subsurface stress and also pressure peaks. 
In table 5 the universal pressure-viscosity coefficient, the reciprocal asymptotic isoviscous 
pressure and the product 56.069.00 filmαη  are gathered for the two ILs at several temperatures. The 
values obtained of the reciprocal asymptotic isoviscous pressure coefficient, α*, are slightly 
lower than those of αfilm for both ILs. In general, the use of α* tends to underestimate the film 
thickness [14,57]. The universal pressure-viscosity coefficient is much higher for the 
[(C2F5)3PF3]- based IL than for the [CF3SO3]- IL. In fact, [(C2F5)3PF3]- ILs present similar values 
to other synthetic oils as squalane or pentaerythritol tetra-2-ethylhexanoate [58]. The product 
56.069.0
0 filmαη  is directly proportional to the hcent under the same conditions of operation (surface 
geometry and relative speed of the gear surfaces U). As can be seen in figure 7, this product is 
higher for [C4C1Pyrr][(C2F5)3PF3] as we expected (its viscosity and α values are higher). The 
difference between the 56.069.00 filmαη  values for both ILs diminishes as the temperature increases, 
being the value for [C4C1Pyrr][(C2F5)3PF3] with respect to that of [C4C1Pyrr][CF3SO3] around 
60% and 35% higher at 303.15 K and 353.15 K, respectively. 
To model and calculate the viscosity of dense fluids several approaches have been 
developed, such as the hard-sphere scheme, the scaling thermodynamic or the friction theory 
model [59]. The scaling thermodynamic postulates that for a given liquid, properties such as 
viscosity, diffusion coefficient, electrical conductivity or structural relaxation time can be 
expressed solely as a function of the variable Tνγ [60,61]: 
 
( ) ( ) ( )γγ ρν −== TfTfVTX ,         (16) 
whereas X is a given liquid dynamic property, ν the specific volume and γ the scaling coefficient, 
which quantifies the dependence of the dynamic property on volume in comparison to that on the 
temperature. The higher the γ value, the stronger dependence on density of the transport property 
of the fluid [62]. Furthermore, when γ is close to 0 it is assumed that the dynamics are controlled 
by the temperature [60,62-64]. This parameter reflects the repulsive interactions as well as the 
contributions from internal molecular modes, and attractive intermolecular forces for complex 
molecules or ions [16,61]. Pensado et al. [60] proposed the following expression for viscosity:  
  
( )
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where η0, A, γ and ϕ may be used as fit parameters. This expression is based in another equation 
previously proposed by Casalini and Roland [65] for relaxation time of glass-forming liquids. 
For the two ILs studied in this work parameters of eq. (17) were obtained by fitting the viscosity 
as a function of temperature and specific volumes. To determine the latter, we have employed 
the density data from [47,48]. The values of the characteristic parameters of eq. (17) are 
presented in table 6, as well as the AAD% between experimental and correlated values for each 
IL. The γ value for [C4C1Pyrr][(C2F5)3PF3] (4.32) is higher than the one for [C4C1Pyrr][CF3SO3] 
(3.17). Taken also into account that in a previous work we have found for 
[C4C1C1Im][(C2F5)3PF3)] and [C1OC2C1Pyrr][(C2F5)3PF3] γ values higher than those of their 
corresponding [NTf2]- ILs, it can be concluded that the role of the temperature on viscosity is 
less important for ILs based on [(C2F5)3PF3]- anion than for other ILs [16]. The value for 
[C4C1Pyrr][CF3SO3] (γ = 3.17) is almost the same than the value for [C4C1Pyrr][NTf2] (γ = 3.16) 
[16]. In figure 8 viscosity of [C4C1Pyrr][(C2F5)3PF3] versus density is depicted. When the 
viscosities of both ILs are plotted as a function of ργ·T-1 data collapse onto a single master curve 
for each fluid, as shows figure 9.  
The hard-sphere scheme, developed by Assael and Dymond, is based on the Enskog hard-
sphere theory [46,66-70]. This powerful scheme allowed the correlation and prediction of the 
thermal conductivity and viscosity of a wide range of simple molecules, alkanes, aromatic 
hydrocarbons, alcohol as well as mixtures of liquids in an homologous series over a wide range 
of temperatures and pressures with a relative uncertainty of 5% [71]. To apply the hard-sphere 
scheme it is convenient to consider reduced viscosity that is defined as follows: 
( )
η
η
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      (18) 
where NA is the Avogadro constant, R the universal gas constant, M the molecular mass, V the 
molar volume and Rη the roughness factor that has into account the non-spherical shape of the 
molecules of fluid. According to the hard-sphere theory the values for the reduced viscosities can 
  
be calculated for different reduced volumes, Vr=V/V0 [46], where V0, the characteristic molar 
volume (m3/mol) of the fluid, was considered as a polynomial function:  
∑
=
=
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0
0
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The reduced viscosity obeys the following dependence of the reduced volume [46]: 
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Taking into account equations (18) and (20), the viscosity values according the hard-spheres 
scheme can be obtained through the following expression: 
( ) ( )
T
VN
V
TV
aR A
i
i
i
1loglog
3
22
5
16logloglog
310
7
0
−−





−





+= ∑
=
piη ηη   (21) 
The parameters aηi were initially determined by Assael et al. [66] taking into account viscosity 
values for dense monatomic gases in the range 1.5 < Vr < 5. However, this initial curve does not 
fit well values of high viscosity and dense fluids because their characteristics are outside the Vr 
range. For these kind of fluids, a new universal reference function was recently proposed by 
Ciotta from a large database of experimental viscosities for alkanes extending up to reduced 
densities of 0.84 [71]. 
 
Recently, we have successfully applied this universal reference function to several ILs at 
pressures up to 40 MPa [72] by taking into account a database of density, viscosity and thermal 
conductivity for 19 ILs. Average absolute deviations around 2% for viscosity and 3% for thermal 
conductivity were obtained.  
In the present work, for each IL we have used the viscosities reported in table 2, the densities 
previously measured in our laboratory [47,48] for pressures up to 40 MPa, together with the 
viscosities at 0.1 MPa [13], to determine the parameters di of the characteristic molar volume 
(eq. (19)) as well as the parameter Rη (eq. (21)). For each fluid, the parameters are gathered in 
table 7 as well as the AAD between experimental and correlated values. As can be observed in 
  
figure 10, reduced viscosity values fit very well to the universal Ciotta curve [71,73], even the 
high viscosities (those whose reduced volume is lower than 1.2). Deviations between 
experimental values and values obtained from the fit present AAD% of 2.0% and 1.7% for 
[C4C1Pyrr][(C2F5)3PF3] and [C4C1Pyrr][CF3SO3], respectively. It is worth pointing out that the 
high values of reduced viscosity for ILs (figure 10) are extremely higher (up to 14000 for 
[C4C1Pyrr][(C2F5)3PF3]) than the reduced values for the original model [46] (below 50 for Ne, 
Ar, Kr and Xe). This result was previously observed for other fluids and ILs [72] and shows the 
ability of the model to be extended outside their limits. 
4. Conclusions 
The viscosity behaviour of [C4C1Pyrr][(C2F5)3PF3] and [C4C1Pyrr][CF3SO3] was 
analyzed as a function of pressure and temperature, and their Newtonian behaviour was verified 
at pressures up to 75 MPa and shear rate up to 1000 s-1. The α(p) values of 
[C4C1Pyrr][(C2F5)3PF3] are almost pressure independent, and their values higher than those of 
[C4C1Pyrr][CF3SO3]. By comparison of α(p) for several [C4C1Pyrr]+ based ILs the following 
trend of α(p) was found: [(C2F5)3PF3]- > [NTf2]- > [CF3SO3]-. On the other hand, the temperature 
effect on the viscosity is higher for [C4C1Pyrr][(C2F5)3PF3] than for the [C4C1Pyrr][CF3SO3]. The 
viscosity-pressure behaviour of [C4C1Pyrr][(C2F5)3PF3] makes it a potential candidate as 
lubricant, in fact their universal pressure-viscosity coefficient values are similar to those of 
synthetic oils as squalane or pentaerythritol tetra-2-ethylhexanoate. Moreover, under EHL, its 
film thickness is greater than that of [C4C1Pyrr][CF3SO3], for the same operation conditions. 
Finally, the scaling thermodynamic approach and the hard-spheres scheme have been 
successfully applied, which allow us to provide two fundamental based correlations of the 
viscosity as a function of the density and the temperature. The first model fits the experimental 
results with an AAD lower than 2% for both fluids up to 150 MPa, using four parameters 
whereas the hard-sphere scheme correlates the viscosity values up to 40 MPa with an AAD of 
2% for [C4C1Pyrr][(C2F5)3PF3] and 1.7% for [C4C1Pyrr][CF3SO3] also with four parameters. 
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TABLE 1. Provenance and mass fraction purity of the ILs studied in this work. 
Ionic Liquid 
CAS Number 
Molecular structure 
Cation        Anion Name Supplier 
Mole fraction 
purity 
Mass 
fraction 
water 
content  
[C4C1Pyrr][(C2F5)3PF3] 
851856-47-8 
 
1-butyl-1-methylpyrrolidinium 
tris(pentafluoroethyl)trifluorophosphate Merck KGaA >0.99
*
 5x10-6 
[C4C1Pyrr][CF3SO3] 
367522-96-1 
 
1-butyl-1-methylpyrrolidinium 
trifluoromethanesulfonate 
Merck KGaA >0.98* 12x10-6 
*
 Mole fraction determined by electrophoresis. 
 
  
TABLE 2 
Experimental viscosity values, η/mPa·s for the two ILs at different temperatures, T, and 
pressures, p determined with the falling body viscometer 
p/MPa T/K 
303.15 313.15 323.15 333.15 343.15 353.15 
  [C4C1Pyrr][(C2F5)3PF3] 
10 189.5 113.5 73.4 48.0 33.9 24.7 
15 212.4 124.7 80.0 52.0 36.5 26.6 
25 265.5 150.6 94.9 61.0 42.2 30.7
50 454.7 241.3 145.4 90.7 60.5 43.4 
75 765.1 386.8 222.6 134.3 86.9 60.6 
100 1274 620.3 340.5 198.1 124.5 84.1 
125 2111 995.1 520.9 291.7 178.5 116.0 
150 3485 1597 797.0 429.1 255.8 159.3 
[C4C1Pyrr][CF3SO3] 
10 144.8 89.2 58.9 41.7 29.9 22.5 
15 154.3 94.8 62.5 43.9 31.4 23.7 
25 174.9 106.9 70.2 48.6 34.7 26.1 
50 236.9 142.7 92.3 62.3 44.2 32.7 
75 317.7 188.1 119.5 79.0 55.7 40.5 
100 422.8 245.4 153.0 99.6 69.6 49.4 
125 559.5 318.1 194.1 124.9 86.4 59.9 
150 737.7 410.1 244.7 156.0 106.8 72.0 
Expanded uncertainties (k=2) are U(T) = ±0.1 K, U(p) = ±0.2 MPa and U(η) = 3.5%. 
 
  
  
TABLE 3 
Parameters of the correlation equations 
 
[C4C1Pyrr][(C2F5)3PF3] [C4C1Pyrr][CF3SO3] 
  Equation (4) 
A/mPa·s 0.12806 0.14000 
B/K 916.61 939.41 
C/K 174.57 165.64 
D 184.17 13.730 
E0/MPa 3491.9 -1426.7 
E1/MPa 
-50.32 7.7957 
102·E2/MPa 22.45 0.1899 
AAD/% 0.7 0.6 
Bias/% 
-0.1 -0.2 
MaxD/% 3.4 2.7 
 Equation (5) 
a 
-1.8699 -1.9201 
103·b/MPa-1 
-5.094 -0.2739 
c/K 865.21 922 
d/K·MPa-1 3.2579 1.7275 
105e/K·MPa-2 
-27.72 -72.590 
T0/K 178.36 167.14 
AAD/% 0.7 0.6 
Bias/% 0.0 0.0 
MaxD/% 2.9 2.4 
 Equation (6) 
a 
-2.179 -1.9379 
103·b/MPa-1 4.161 3.469 
c 5.518 5.5748 
d/K 172.2 166.54 
102·e/K·MPa-1 17.03 9.857 
105·f/K·MPa-2 
-19.32 -10.75 
AAD/% 1.6 0.7 
Bias/% 
-1.2 0.0 
MaxD/% 5.3 2.9 
 Equation (7) 
a 
-0.3813 -0.1164 
103·b/MPa-1 1.0240 3.122 
10-6·c/K3 152.10 138.80 
10-6·d/K3·MPa-1 0.54240 0.2567 
  
e/K3·MPa-2 
-1.9469 -145.18 
AAD/% 1.3 0.8 
Bias/% 0.0 -0.1 
MaxD/% 6.7 2.9 
 
  
  
TABLE 4 
Pressure-viscosity coefficients, α(p)/GPa-1, and temperature-viscosity coefficients, 
β(T)/K-1, for the ILs measured in this work.  
p/MPa T/K 
303.15 313.15 323.15 333.15 343.15 353.15 
  
[C4C1Pyrr][(C2F5)3PF3] 
α(p)/GPa-1 
10 20.7 18.9 17.2 15.8 14.5 13.4 
50 20.6 18.8 17.2 15.7 14.5 13.4 
100 20.5 18.7 17.1 15.7 14.4 13.3 
150 20.4 18.6 17.0 15.6 14.4 13.3 
β(T)/K-1 
10 57.4 49.5 43.0 37.8 33.4 29.8 
50 65.4 56.4 49.1 43.1 38.2 34.0 
100 75.3 65.0 56.7 49.8 44.1 39.2 
150 85.1 73.6 64.2 56.4 49.9 44.4 
[C4C1Pyrr][CF3SO3] 
α(p)/GPa-1 
10 12.2 11.3 10.6 9.9 9.3 8.7 
50 11.8 11.0 10.2 9.6 9.0 8.5 
100 11.3 10.6 9.9 9.3 8.7 8.3 
150 10.9 10.2 9.5 9.0 8.5 8.0 
β(T)/K-1 
10 50.7 44.0 38.6 34.1 30.4 27.2 
50 54.4 47.3 41.4 36.6 32.6 29.2 
100 58.8 51.1 44.8 39.6 35.2 31.5 
150 62.8 54.6 47.8 42.3 37.7 33.7 
 
  
  
TABLE 5 
Universal pressure-viscosity coefficient, reciprocal asymptotic isoviscous pressure and 
product 56.069.00 filmαη for the two ILs studied in this work at several temperatures. 
T/K [C4C1Pyrr][(C2F5)3PF3] [C4C1Pyrr][CF3SO3] 
  αfilm/GPa
-1
 α*/GPa-1 56.069.00 filmαη  αfilm/GPa
-1
 α*/GPa-1 56.069.00 filmαη  
303.15 20.8 20.6 181.2 11.7 11.5 113.7 
313.15 18.9 18.8 120.5 10.8 10.6 79.0 
323.15 17.3 17.2 84.2 10.0 9.9 57.4 
333.15 15.8 15.7 61.4 9.4 9.2 43.3 
343.15 14.5 14.5 46.2 8.8 8.7 33.6 
353.15 13.4 13.3 35.9 8.3 8.2 26.7 
αfilm and α
* 
are reported in GPa−1; and η0 in mPa·s.  
  
  
TABLE 6 
Characteristic parameters (η0, A, γ, φ) for equation (17) and average absolute deviations 
(AAD) of the correlation. 
IL η0/mPa·s A/(K·g−γ·cm3·γ) γ φ AAD/% 
[C4C1Pyrr][(C2F5)3PF3] 2.8353 77.64 4.32 2.26 1.7 
[C4C1Pyrr][CF3SO3] 1.4198 306.6 3.17 2.09 1.4 
 
  
  
TABLE 7 
Hard-sphere scheme parameters and average absolute deviations (AAD) of the 
correlation for the ILs under study. 
IL 
104·d0/ 
m
3
·mol-1 
107·d1/  
m
3
·mol-1·K-1 
d2/ 
m
3
·mol-1·K-2 
Rη 
 
AAD/ 
% 
[C4C1Pyrr][(C2F5)3PF3] 4.34114 -5.7945 5.83109 3.5 2.0 
[C4C1Pyrr][CF3SO3] 2.60079 -2.7275 1.50428 6.7 1.7 
 
  
  
 
FIGURE 1. Plot of viscosity against Reynolds number obtained with the VisLPT1 for: 
() Cannon S600, () Cannon N100, () Cannon 75, () squalane, () 
[C4C1Pyrr][(C2F5)3PF3] and () [C4C1Pyrr][CF3SO3]. 
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FIGURE 2. Comparison between viscosity values for squalane of this work with correlations proposed by Mylona et al.[45] () correlation 
based on hard-spheres scheme and () correlation based on the modified VFT model. 
 
  
  
 
FIGURE 3. Experimental viscosity values as a function of pressure for a) [C4C1Pyrr][(C2F5)3PF3] and b) [C4C1Pyrr][CF3SO3]. () T = 313.15 
K, () T = 313.15 K, () T = 323.15 K, () T = 333.15 K, () T = 343.15 K and () T = 353.15 K. The solid lines represent the values 
obtained using equation (4). 
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FIGURE 4. Flow curves at T = 303.15 K for a) [C4C1Pyrr][(C2F5)3PF3] and b) [C4C1Pyrr][CF3SO3]. () p= 10 MPa, () p = 15 MPa, () 25 
MPa, () 50 MPa, () p = 75 MPa. 
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FIGURE 5. Local pressure–viscosity coefficient as a function of pressure for 
[C4C1Pyrr][(C2F5)3PF3] (filled symbols) and [C4C1Pyrr][CF3SO3] (empty symbols). () 
T = 303.15 K, () 323.15 K and () 353.15 K.  
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FIGURE 6. Local temperature–viscosity coefficient as a function of pressure for 
[C4C1Pyrr][(C2F5)3PF3] (filled symbols) and [C4C1Pyrr][CF3SO3] (empty symbols). () 
T = 303.15 K, () 323.15 K and () 353.15 K.  
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FIGURE 7. Film thickness factor due to the lubricant, 56.069.00 filmαη as a function of 
temperature for [C4C1Pyrr][(C2F5)3PF3] () and [C4C1Pyrr][CF3SO3] (). 
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FIGURE 8. Viscosity of [C4C1Pyrr][(C2F5)3PF3] against density. () 0.1 MPa, ()T = 
303.15 K, () 313.15 K, () 323.15 K, () 333.15K, (	) 343.15 K, () 353.15 K.  
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FIGURE 9. Superposition of the viscosity η of the ILs studied by fitting the γ values to 
the experimental results. The solid lines are the correlations using the equation (17).  
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FIGURE 10. Reduced viscosity values of [C4C1Pyrr][(C2F5)3PF3] () and 
[C4C1Pyrr][CF3SO3] () obtained using experimental viscosities, equations 18 and 19 
with di parameters from table 7. The solid line is the universal curve proposed by Ciotta 
[73]. 
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Uncertainty of a falling body viscometer is improved by means of a new calibration procedure 
and new temperature probes.  
Viscosities with an uncertainty of 3.5% are reported for two ILs from 303.15 to 353.15K at 
pressures up to 150MPa. 
Local pressure–viscosity and temperature-viscosity coefficients are analyzed for both ILs. 
Thermodynamic scaling and hard spheres scheme are successfully applied to the viscosity 
values of both ILs. 
 
 
